1.. Introduction {#s1}
================

Food deficiencies of trace elements (micronutrients) such as zinc, iron, calcium and copper are a cause of concern due to the implications that these may have on human health \[[@RSOS170480C1]--[@RSOS170480C3]\]. Fortification of foods is considered a convenient and general strategy to solve the deficiency of such nutrients. However, this application is limited by several problems such as the choice of the chemical form of the micronutrient, and the sensorial impact that it may have on taste or presentation, stability or bioavailability \[[@RSOS170480C4]\]. Biocompatible engineered nanomaterials (ENMs) are considered an option to overcome most of these problems \[[@RSOS170480C5],[@RSOS170480C6]\]. The design and preparation of biocompatible, stable and easily dispersible inorganic nanoparticles for iron and zinc fortification is a promising and active field \[[@RSOS170480C7]\]. Polysaccharide chains such as inulin, a polydisperse polysaccharide that has been widely used as a stabilizer and excipient in the food and pharmaceutical industries, can be used as surfactants to prepare biocompatible, water soluble and stable nanoparticles \[[@RSOS170480C8]\]. Following this strategy, we have recently reported the synthesis and physical characterization of inulin coated and uncoated ZnO and *core-shell* α-Fe~2~O~3~\@ZnO nanoparticles for food fortification as a source of biocompatible zinc and iron \[[@RSOS170480C2]\].

However, the use of nanomaterials raises concerns about their potential risks. Toxicity assessment of any new application of a chemical must be performed before it is used in commercial products, and this is particularly critical for ENMs, because any modifications of their properties, such as size, surface area, shape and crystallinity, among several others, can significantly impact their toxicity \[[@RSOS170480C9],[@RSOS170480C10]\]. The use of cell cultures for *in vitro* testing of ENMs, toxicity has been extensively documented \[[@RSOS170480C11]--[@RSOS170480C17]\]. As an initial approach to determine the compatibility in cellular systems, we investigated the effects of inulin coated and uncoated ZnO and α-Fe~2~O~3~\@ZnO nanoparticles in mussel haemocytes, the primary circulating cells of the mussel\'s blood (haemolymph) that have a similar structure and function to the mammalian macrophage \[[@RSOS170480C18],[@RSOS170480C19]\]. This model system has proven to be an inexpensive and easy to handle model system to evaluate multiple cellular endpoints in response to exposure to ENMs \[[@RSOS170480C19]--[@RSOS170480C21]\]. Using a newly developed high-content screening system, we simultaneously assessed multiple endpoints including cell death, cell viability, mitochondrial membrane integrity, production of reactive oxygen species, lysosome abundance and zinc uptake. With this novel approach, we determined that no cellular responses were significantly affected, while zinc uptake was increased in nanoparticle-treated cells, particularly for inulin coated nanoparticles. The correlation between the physicochemical properties of the nanoparticles and mechanisms of intracellular zinc uptake is discussed.

2.. Experimental section {#s2}
========================

2.1.. Chemicals {#s2a}
---------------

Zinc oxide nanoparticles (nZnO) and haematite (α-Fe~2~O~3~) coated zinc oxide nanoparticles (nα-Fe~2~O~3~\@ZnO), with or without inulin coating (smaller than 80 nm) were prepared following the procedure reported by Santillán-Urquiza *et al.* \[[@RSOS170480C2]\]. A detailed description of the preparation method and the characterization of these nanomaterials can be found in the electronic supplementary material, and the main properties are summarized in [table 1](#RSOS170480TB1){ref-type="table"}. The fluorescent probes Hoechst 33342, Lysotracker Red DND-99, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanineiodide (JC1), 2′,7\'-dichlorodihydrofluorescein diacetate (DCF), calcein-AM (CAM), ethidium homodimer-1 (EtHD), Bioparticle Alexa Fluor 488 conjugated to *Saccharomyces cerevisae*, FluoZin-3 tetrapotassium salt and Newport Green (NPG) diacetate were purchased from Life Technologies (Carlsbad, CA) and stored in aliquots in a freezer at −20°C until their use. Paraformaldehyde was obtained from Electron Microscopy Sciences (Hatfield, PA). All other chemicals were purchased from Sigma-Aldrich (St Louis, MO) and were used as received. Table 1.Properties of the ZnO and α-Fe2O3\@ZnO nanoparticles and their inulin coated versions. TEM, transmission electron microscopy; PS-FBS1%, physiological saline supplemented with 1% fetal bovine serum.nZnOnZnO inulinnα-Fe~2~O~3~\@ZnOnα-Fe~2~O~3~\@ZnO inulinsize (by TEM, nm)70925014zinc content (% w/w)^a^77.273.847.843.3iron content (% w/w)^a^0028.225.5inulin content (% w/w)08.109.5hydrodynamic size ranges in DI (nm)76--1150100--24670--30060--150hydrodynamic average size in DI (nm)20015022185hydrodynamic size ranges in PS-FBS1% (nm)1114--1800818--1635102--972243--486hydrodynamic average size in PS-FBS1% (nm)14571071449324zinc dissolution in PS after 15 min (%)^b^23341324.5zinc dissolution in PS after 120 min (%)^b^2235.51430[^2][^3]

2.2.. Animals and haemocytes collection {#s2b}
---------------------------------------

Adult mussels (*Mytillus galloprovincialis*, length 7.1 ± 0.97 cm) were purchased from the Bodega Bay Oyster Company (Bodega Bay, CA) and were maintained at the University of California Davis Bodega Marine Laboratory (Bodega Bay, CA) in flow-through seawater tanks for two days before haemolymph extraction. In order to extract the haemocytes non-lethally, a notch was formed in the mussel shell with a triangular file and 0.5 ml of haemolymph was aspirated from the posterior adductor muscle using a sterile syringe containing 0.5 ml of ice-cold physiological saline (PS) Ca/Mg-free (20 mM HEPES, 436 mM NaCl, 10 mM KCl, 53 mM Na~2~SO~4~ and 0.5 mM EDTA, pH value was adjusted to 7.3 using NaOH). Each aspirated haemolymph was examined with an optical microscope for the presence of haemocytes, determined cell density using a haemocytometer and maintained on ice to avoid clumping. After haemolymph extraction from 3--10 mussels, haemocytes were pooled and density was adjusted to a stock concentration of 5 × 10^5^ cells ml^−1^ by diluting the cells with PS Ca/Mg-free. Hoechst 33342 (1 µM final concentration) was added to stain the cell nucleus. To prepare haemocytes monolayers, 100 µl of haemocytes stock was added into the wells of 96-well plates previously equilibrated at 14°C with 150 µl of PS (20 mM HEPES, 436 mM NaCl, 10 mM KCl, 53 mM MgSO~4~, 10 mM CaCl~2~, pH adjusted to 7.3 using NaOH). Plates were incubated for 45 min at 14°C to allow cell attachment and spreading.

2.3.. *In vitro* chemical exposure of mussel haemocytes {#s2c}
-------------------------------------------------------

Stock solutions (1 g l^−1^) of different zinc sources: nZnO, nα-Fe~2~O~3~\@ZnO, with and without inulin coating, ZnSO~4~ (as a positive control of a soluble salt) and pure inulin, were prepared in deionized (DI) water and then sonicated in a Branson model 2510 sonic bath (Danbury, CT) for 30 min (max. 100 W). For the nanoparticle treatments, the concentration was normalized considering only the zinc percentage in each sample, so all the solutions would have the same zinc concentration regardless of their composition. The zinc percentage in each sample was obtained by the results of atomic absorption spectroscopy (see electronic supplementary material). The unfiltered stock solutions were then diluted into PS supplemented with 1% fetal bovine serum (FBS) to disperse the chemicals (nanoparticles, zinc sulfate or inulin). Six concentrations of each system (0, 1, 2.5, 5, 10 and 20 ppm) were prepared. To analyse the cellular responses due to chemical exposure, 200 µl per well of each target system was added to the adherent haemocytes monolayer (two columns per concentration). Exposures lasted for 120 min at 14°C with gentle mixing.

2.4.. Use of fluorescent probes for toxicity evaluations {#s2d}
--------------------------------------------------------

Different cellular responses were analysed to determine the potential toxic effects of the chemicals using intracellular fluorescent probes. Their properties and targets are listed in [table 2](#RSOS170480TB2){ref-type="table"}. Table 2.Fluorescent probes used to analyse different cellular responses.probefinal concentrationexcitationemissionparameter analysedHoechst 333420.2 µM360 nm465 nmpermeable nuclear stain for total cell numberethidium homodimer-1 (EtHD)10 µM530 nm630 nmimpermeable nuclear stain for cell death: staining of nuclei of cells only when plasma membrane is damagedJC11 µg ml^−1^485 nm535 nmmitochondria membrane potentialLysotracker Red DND-990.1 µM560 nm630 nmlysosome abundance2′,7′-dichlorofluorescin diacetate (DCF)10 µM485 nm535 nmproduction of intracellular reactive oxygen speciescalcein-AM (CAM)2.5 µM485 nm535 nmassesses intracellular esterase activity through production of fluorescent calceinNewport Green (NPG)0.5 µM485 nm535 nmsoluble intracellular zinc concentration

The probes were added to the cells in the wells of plates in the presence of the corresponding chemical treatments (two rows per probe). Lysotracker was added at the same time as the chemical treatment. After 75 min of incubation, JC1, DCF, CAM and EtHD were added; CAM and EtHD were added to the same rows. Then, 25 min later, NPG was added to the rows containing Lysotracker. After incubation for an additional 20 min, the plates were washed three times with 200 µl per well of PS. The fluorescence was detected using a Tecan GENios microplate reader (Maennedorf, Switzerland) at the emission and excitation wavelengths indicated in [table 2](#RSOS170480TB2){ref-type="table"}. Each combination of target chemical concentration and probe was internally replicated in four wells of each plate, and each exposure plate was replicated four times using a different batch of pooled haemocytes collected from different mussels.

2.5.. Phagocytosis assays {#s2e}
-------------------------

To analyse cell function in the presence of different sources of zinc, haemocyte monolayers (200 000 haemocytes per well) were prepared on a 24-well plate, as described in §2.2. After elimination of non-adherent haemocytes, 1 ml of the corresponding treatment solution was added to a final concentration of 20 ppm along with Alexa-488 yeast (10 yeast/haemocyte). Inulin and PS without nanoparticles were used as controls. Each treatment was replicated in three wells. After incubation at 14°C for 15 min, excess yeast was washed twice with PS and samples were fixed with paraformaldehyde (0.1% v/v final concentration) before imaging using fluorescence (excitation at 488 nm) in a Nikon AZ100 macrozoom stereo fluorescence microscope (Melville, USA) at 20× magnification. Images were saved and later visually analysed to determine the percentage of haemocytes (*n* \> 50 haemocytes per well) that contained at least one fluorescently labelled yeast inside of the cell (phagocytized).

2.6.. Analysis of zinc accumulation in tissue {#s2f}
---------------------------------------------

To determine the total amount of zinc accumulated inside the haemocytes, haemocyte monolayers (800 000 haemocytes per well) were prepared on a six-well plate, as described in §2.2. After elimination of non-adherent haemocytes, 10 ml of the corresponding treatment solution with a concentration of 20 ppm was added. Inulin and PS without nanoparticles were used as controls. After incubation for 2 h at 14°C, plates were washed four times with PS to eliminate any residual treatment solution. Wells were visually inspected using an inverted microscope throughout the process to determine adherence of haemocytes, with no detectable differences due to either washes or treatment with the corresponding chemical. Tissue was homogenized in 1.9 ml of metal-free filtered seawater pH 1.6 (acidified with HCl trace metal grade) by sonication directly in the well with a probe for at least 2 min, until no intact cells were observed under the microscope. The homogenized tissue was transferred to a 2 ml microcentrifuge tube and samples were incubated for 4 h at room temperature to allow the metal ions to dissolve. Then, samples were centrifuged at 10 000*g* for 10 min to eliminate cell debris. Supernatant was transferred to a fresh tube and stored at 4°C until analysis. Each target chemical was internally replicated in two wells of each plate, and measurements were replicated two times using a different batch of pooled haemocytes collected from different mussels.

Zinc concentration in cell extracts was determined by fluorescence using a modified version of the method reported by Grand *et al*. \[[@RSOS170480C22]\] which was used for the determination of zinc in seawater and has been adapted for a plate reader. Details are provided in the electronic supplementary material, figure S1. Zinc concentrations in each sample were normalized by the number of cells in each well.

2.7.. Confocal microscopy {#s2g}
-------------------------

For imaging, haemocyte monolayers were prepared in a chamber slide system (1.7 cm^2^ per well, 200 000 haemocytes per well). After elimination of non-adherent haemocytes, 800 µl of the corresponding treatment solution with a concentration of 20 ppm was added. The addition of the corresponding fluorescent probe was done following the same conditions described for the plate reader assay (§2.4). After incubation for 2 h at 14°C, slides were washed four times with PS to eliminate any residual treatment solution. Before imaging, haemocytes were fixed with paraformaldehyde (2% final concentration). After incubation for 10 min at room temperature, the liquid was eliminated and the slides were separated and compressed under cover glass, then viewed with a 20× water immersion lens on an Olympus BX61WI fixed stage upright microscope using scanning laser confocal microscopy using both interference contrast optics (transmitted light, DIC) and the corresponding excitation wavelengths as described previously \[[@RSOS170480C23]\].

2.8.. Data analysis {#s2h}
-------------------

For analysis of cellular responses using the plate reader assay, fluorescence intensity values obtained with the different cellular probes were first normalized by cell number in each well by dividing the fluorescence intensity of the probe by the fluorescence intensity values of Hoechst 33342. The normalized fluorescence value of each well was averaged with the results from the same conditions (four wells per concentration and probe combination). Then, the average was divided by the response from the control treatment (no chemical exposure) to calculate the relative probe response between target and control group.

Results were statistically evaluated by one-way analysis of variance test. For results from the cellular responses measured in the plate reader, Dunnett\'s post hoc test was performed for comparisons to control treatments. For internalized zinc concentration and phagocytic activity, Tukey\'s post hoc test was performed for multiple comparisons. Statistical significance was set at *α* = 0.05. Analyses were performed using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA).

3.. Results and discussion {#s3}
==========================

3.1.. Mussel haemocytes as a model for ENMs toxicity evaluation {#s3a}
---------------------------------------------------------------

There are numerous commercially available fluorescent dyes that can be used to analyse biological cellular responses. EthD-1 is used to determine cell death as it can only enter cells with damaged membranes and its fluorescence increases 40-fold when bound to nucleic acids. Cell viability was determined with CAM, a non-fluorescent membrane permeable dye which upon entering the cell is cleaved by intracellular esterases releasing the non-permeable and strongly fluorescent calcein. JC-1 is used to monitor mitochondrial health as it indicates changes in the membrane potential by changing fluorescence from red to green. Lysotracker Red is a fluorescent acidotropic probe used to detect the lysosomes, which are acidic organelles. H2DCFDA is a fluorescent probe employed to detect reactive oxygen species (ROS), including hydrogen peroxide, hydroxyl radicals and peroxynitrile. Upon oxidation by ROS, the non-fluorescent H2DCFDA is converted to the highly fluorescent DCF. NPG is a cell-permeant probe that selectively binds to Zn(II) and was used to investigate the accumulation of intracellular Zn(II). The use of these fluorescent probes to determine cellular responses *in vitro* has been previously reported for toxicity analysis \[[@RSOS170480C24]--[@RSOS170480C27]\].

Here, we adopted the use of these fluorescent probes to develop a high-content screening (multiple endpoints assessed simultaneously) to determine the impacts of ENMs in mussel haemocytes, cells that can be used as a model system to study the effects of ENMs in marine organisms as well as the cellular toxicity responses \[[@RSOS170480C18],[@RSOS170480C20]\]. The approach used here is similar to that used in previous studies on mammalian cell lines \[[@RSOS170480C11]\]. To validate this new methodological approach, first we analysed the effects of silver and copper oxide nanoparticles, as well as single-walled carbon nanotubes, materials that have been previously demonstrated to be toxic using other model systems (see electronic supplementary material) \[[@RSOS170480C23],[@RSOS170480C28]--[@RSOS170480C30]\]. Results show that exposure of mussel haemocytes to toxic ENMs can significantly affect cell parameters such as phagocytosis, lysosome abundance, production of reactive oxygen species and cell viability (electronic supplementary material, figure S2). Haemocytes are viable for up to 24 h when cultured under ideal conditions; however, these results show that a 2 h exposure is enough to detect cellular damage caused by toxic nanoparticles, further demonstrating that this is a useful model system to evaluate multiple cellular toxicity parameters using a high-content screening method.

3.2.. Cellular responses to nZnO and nα-Fe~2~O~3~\@ZnO exposure {#s3b}
---------------------------------------------------------------

Coating of a nanoparticle surface is a general strategy used to increase stability, biocompatibility and water solubility as well as to decrease immunogenic response or toxicity. Several inorganic and organic coating materials have been explored to achieve that, including silica (SiO~2~), gold (Au), titania (TiO~2~), zirconia (ZrO~2~), dextran and polyethylene glycol among several others \[[@RSOS170480C31]\]. Here, we evaluated the effect of inulin coating on two different nanoparticles, nZnO and nα-Fe~2~O~3~\@ZnO \[[@RSOS170480C2]\]. Nanoparticles coated with inulin showed better dispersion than those uncoated, both in water and in PS supplemented with 1% fetal bovine serum (PS-FBS1%) ([table 1](#RSOS170480TB1){ref-type="table"}). In DI water, nZnO has an average size of 200 nm (76--1150 nm) while nZnO inulin has an average of 150 nm (100--246 nm). When suspended in PS-FBS1%, nZnO has an average size of 1457 nm (1114--1800 nm), while nZnO inulin has an average of 1071 nm (818--1635 nm). For nα-Fe~2~O~3~\@ZnO the average size in DI water was 221 nm (70--300 nm) and 85 nm (60--150 nm) for the uncoated and inulin coated version, respectively, while in PS-FBS1%, inulin uncoated and coated nα-Fe~2~O~3~\@ZnO nanoparticles were 449 nm (102--972 nm) and 324 nm (243--486 nm), respectively. As it was expected, when dispersed in PS-FBS1%, nanoparticle aggregates had a larger size distribution due to increased ionic strength and the presence of proteins, an effect that has been documented in different cell culture media \[[@RSOS170480C32]\]. However, inulin coating partially allowed a better dispersion of the nanoparticles by preventing the formation of large aggregates, maintaining a narrower size distribution as well as a smaller average size.

In this study, no adverse responses by haemocytes were detected in cells exposed to nZnO and nα-Fe~2~O~3~\@ZnO or their inulin coated versions at concentrations up to 20 ppm ([figure 1](#RSOS170480F1){ref-type="fig"}) for periods of two hours. The endpoints analysed included cell death, cell viability, mitochondrial membrane integrity, ROS production and lysosomal abundance. The only parameter (non-toxicological) that was significantly affected with nanoparticle treatment was zinc internalization ([figure 1](#RSOS170480F1){ref-type="fig"}). Fluorescence of NPG, a fluorescent probe selective to intracellular soluble zinc, slightly increased in haemocytes exposed to 20 ppm of nZnO, while inulin coating of nZnO had a significant effect when present at 10 and 20 ppm. Also, treatment with nα-Fe~2~O~3~\@ZnO had no significant effect on NPG fluorescence, but coating with inulin did have a significant effect when present at 20 ppm. This indicates that inulin coating has an effect on intracellular soluble zinc concentration in the haemocytes without affecting other important cellular functions. Figure 1.Cellular responses of mussel haemocytes exposed to ZnO and α-Fe~2~O~3~\@ZnO and their inulin coated versions. No statistically significant changes were induced on cell death, cell viability, mitochondrial membrane integrity, production of reactive oxygen species or lysosome abundance (*p* \> 0.05). nZnO inulin causes the highest increase in zinc internalization measured an increased NPG fluorescence, starting at 10 ppm. Treatment with 20 ppm of nZnO or nα-Fe~2~O~3~\@ZnO inulin also increase NPG fluorescence. The asterisk indicates statistically significant differences (*p* \< 0.05) compared with the 0 ppm (control) treatment of the corresponding chemical treatment according to Dunnett\'s comparison. Values are average ± s.e. (*n* ≥ 4).

3.3.. Inulin coating of nZnO and nα-Fe~2~O~3~\@ZnO increases zinc uptake {#s3c}
------------------------------------------------------------------------

More direct evidence that inulin coated ENM samples increase the amount of intracellular soluble zinc was observed using confocal microscopy of haemocytes exposed to the highest concentration (20 ppm) of the corresponding treatments. As can be seen in [figure 2](#RSOS170480F2){ref-type="fig"}*a*, no fluorescence of NPG (shown in green) is observed in untreated haemocytes, while treatment with ZnSO~4~ as a source of soluble zinc caused a very slight increase in fluorescence of NPG in some haemocytes, observed as dim green dots ([figure 2](#RSOS170480F2){ref-type="fig"}*b*). When haemocytes were treated with nZnO ([figure 2](#RSOS170480F2){ref-type="fig"}*c*) and α-Fe~2~O~3~\@ZnO ([figure 2](#RSOS170480F2){ref-type="fig"}*e*), the increase in green fluorescence was more visible, while treatments with nZnO inulin ([figure 2](#RSOS170480F2){ref-type="fig"}*d*) and nα-Fe~2~O~3~\@ZnO inulin ([figure 2](#RSOS170480F2){ref-type="fig"}*f*), showed the highest fluorescence of all. The results from confocal microscopy strongly correlate with the increase in fluorescence measured with the plate reader. Figure 2.Confocal images of the haemocytes (*a*) control, and treated with a 20 ppm of (*b*) ZnSO~4~, (*c*) nZnO, (*d*) nZnO inulin, (*e*) nα-Fe~2~O~3~\@ZnO and (*f*) nα-Fe~2~O~3~\@ZnO inulin. An increase in green fluorescence indicates a higher concentration of soluble zinc inside the haemocytes detected with NPG (0.5 µM). Hoechst 33342 (blue) was used to detect the cell nucleus of each individual haemocyte. Scale bar, 50 µm.

NPG is a fluorescent probe that selectively binds to intracellular soluble Zn(II), and thus is not able to detect zinc in a nanoparticulate form, as has been previously documented in mammalian cells exposed to zinc oxide nanoparticles \[[@RSOS170480C26]\]. For haemocytes, it is very likely that there are nanoparticle aggregates that have been internalized through phagocytosis and that had not been detected through NPG fluorescence. To determine the total amount of zinc internalized by the haemocytes, whether in soluble or nanoparticulate form, we homogenized the treated cells and acidified them to solubilize all the possible remaining nanoparticles that would have been internalized. As can be seen in [figure 3](#RSOS170480F3){ref-type="fig"}, large amounts of zinc can be found for both inulin coated nZnO and nα-Fe~2~O~3~\@ZnO, in comparison to the uncoated systems or even in haemocytes exposed to the highly soluble zinc sulfate. Inulin coating of nZnO caused a 67-fold increase in zinc accumulation as compared to the uncoated nanoparticle, while haemocytes treated with nα-Fe~2~O~3~\@ZnO inulin accumulated 15 times more zinc than haemocytes treated with nα-Fe~2~O~3~\@ZnO. All results suggest that zinc internalization increases were more significant for samples coated with inulin than the uncoated ones, and cannot be attributed solely to the presence of inulin in the media, as there were no significant differences in zinc concentrations in haemocytes treated with nZnO in the presence of soluble inulin in the media. This increase suggests that inulin coating plays an important role in nZnO uptake, either by increasing the dissolution of the nanoparticles, the bioavailability of zinc, or by increasing the active internalization of the nanoparticles by phagocytosis. Figure 3.Total zinc concentration measured by fluorescence in haemocytes exposed for 2 h to 20 ppm of the corresponding chemical. Inulin coating of nZnO and nα-Fe~2~O~3~\@ZnO cause a significant increase in zinc internalization. Different lower case letters represent statistical differences between treatments (*p* \< 0.05) according to Tukey test. Values are average ± s.e.

3.4.. Exploring mechanisms for increased zinc uptake {#s3d}
----------------------------------------------------

Zinc oxide nanoparticles have been previously demonstrated to dissolve easily in aqueous media \[[@RSOS170480C33],[@RSOS170480C34]\]. However, many characteristics of the nanoparticles determine their behaviour, including size, shape, surface area and functionalization \[[@RSOS170480C9]\]. To determine if inulin coating plays a role in nanoparticle dissolution, we measured the amount of soluble zinc present in the media once dispersed in PS. After 2 h, 22% of nZnO was dissolved while for nZnO inulin 35% of zinc ions dissolved. Similar results were obtained for nα-Fe~2~O~3~\@ZnO and nα-Fe~2~O~3~\@ZnO inulin, where 14% and 30% dissolution were obtained, respectively ([table 1](#RSOS170480TB1){ref-type="table"}). This indicates that inulin coating does increase nanoparticle dissolution, causing them to release higher amounts of soluble zinc in the media. However, this cannot solely explain the dramatic increase in zinc uptake observed in [figure 3](#RSOS170480F3){ref-type="fig"} as haemocytes treated with ZnSO~4~ were the ones exposed to the highest concentration of soluble zinc (20 ppm) and accumulated less zinc than haemocytes treated with inulin coated nanoparticles (7.1 ppm of soluble zinc for nZnO inulin and 6.0 ppm of soluble zinc for nα-Fe~2~O~3~\@ZnO inulin).

We hypothesized that active nanoparticle uptake would be the primary cause of increased zinc uptake. The biological role of haemocytes is to defend the mussel from pathogens and parasites, mainly by elimination through phagocytosis \[[@RSOS170480C18]\]. Size plays an important role in detection of foreign objects, with haemocytes preferentially engulfing particles of at least 1 µm, which is the average size of the nZnO and nZnO inulin aggregates formed in PS-FBS1% ([table 1](#RSOS170480TB1){ref-type="table"}). Nanoparticle aggregates of this size can potentially stimulate phagocytosis thus increasing zinc uptake. To test this, phagocytosis was analysed in the presence of 20 ppm of the corresponding nanoparticle. To test if soluble inulin stimulates phagocytosis, an extra control was used by simultaneously adding uncoated nZnO with free inulin. It was observed that the presence of either zinc sulfate, inulin or any of the nanoparticles tested, decreased phagocytosis ([figure 4](#RSOS170480F4){ref-type="fig"}), and contrary to what was expected, it appeared that inulin coating further decreased phagocytic activity. This effect cannot be attributed to the presence of uncoated nZnO and uncoated nZnO plus free inulin, which showed similar phagocytic activity. Figure 4.Percentage of phagocytic haemocytes after 15 min of exposure to 20 ppm of either zinc sulfate, inulin or nanoparticles. Different lower case letters represent statistical differences between treatments (*p* \< 0.05) according to Tukey test. Values are average ± s.e.

From [figure 4](#RSOS170480F4){ref-type="fig"} it can be inferred that the pathway for increasing zinc internalization is not based on stimulation of total phagocytic activity. However, it is possible that haemocytes are preferentially phagocytosing inulin coated nanoparticles while ignoring the fluorescently labelled yeast. It has been demonstrated that the chemical composition of the bacterial cell surface plays an important role in recognition and ingestion by haemocytes \[[@RSOS170480C18]\], so it is possible that inulin coating increases the selectivity towards the nanoparticles. Furthermore, the presence of FBS as a supplement to increase the nanoparticle stability in solution can contribute to the modification of the nanoparticle surface, as FBS contains numerous biomolecules (sugars, lipids, proteins, among others). The interaction of nanoparticles and biomolecules (in particular proteins) results in the formation of a biological corona on the nanoparticle\'s surface; these coronas are usually long-lived and may affect how nanoparticles and cells interact, as reported recently \[[@RSOS170480C35]--[@RSOS170480C38]\]. Also, some proteins in the corona may target specific receptors on the cell membrane, activating biological responses such as inflammation, toxicity, bioavailability, nanoparticle uptake, among others, which do not happen by the presence of the nanoparticle and/or surfactant alone \[[@RSOS170480C39]\]. Once the particles enter a cell, removal of the protein corona and the inulin coating can be expected as a consequence of lysosome action \[[@RSOS170480C36]\], increasing the bioavailability of the nanoparticle chemical components.

The results obtained by NPG fluorescence as well as the dissolution values in PS indicate that inulin coating has an effect in dissolution, whether in the extracellular media or inside the cells. To further test this, dissolution was analysed in deionized water to determine the direct effect of inulin and eliminate any possible interference of the many components present in the exposure media, PS-FBS 1%. Analysis were conducted at different pHs that mimic different scenarios: neutral conditions present in the extracellular media (pH 7), pH 4.5 that simulates the pH found in lysosomes, and pH 2 that simulates the acidic conditions of human digestive tract.

[Figure 5](#RSOS170480F5){ref-type="fig"} shows that at any given condition, nZnO dissolves faster than nα-Fe~2~O~3~\@ZnO. This is in accordance with results obtained in other studies where iron doping of nZnO decreased nanoparticle dissolution and toxicity \[[@RSOS170480C40]\]. Also, at neutral pH, inulin coating decreased dissolution demonstrating the protective effect of inulin. As expected, release of Zn(II) ions increases as pH decreases. At pH 2 and 4.5, half of the nanoparticles dissolved into Zn(II) within the first 24 h. Interestingly, inulin coating seems to have contrasting effects in dissolution at low pHs. For nZnO, inulin coating further increased dissolution, while for nα-Fe~2~O~3~\@ZnO inulin coating had no effect at pH 4.5 and decreased dissolution at pH 2. Glibowski and Bukowska \[[@RSOS170480C41]\] reported that inulin degrades at acidic pH, and given that inulin is at the surface of the nanoparticles, its degradation would destabilize the nanoparticles, potentially increasing their dissolution. This would be critical for nZnO because it is initially more soluble when uncoated, but inulin dissolution would not significantly increase the release of Zn(II) ions for nα-Fe~2~O~3~\@ZnO because its dissolution is lower due to the complexation with haematite. Also, the degradation of inulin itself can affect dissolution by altering the properties of the media by releasing fructose monomers and oligomers, competing with the releasing of free Zn(II) ions from ZnO by formation of stable metal complexes among Zn(II) and the degradation products. It has been previously demonstrated that the presence of organic material in the media affects the dissolution of ENMs, an effect that is also pH dependent \[[@RSOS170480C42]\]. Figure 5.Release of Zn(II) ions in deionized water at pH 7 (circle), pH 4.5 (square) and pH 2 (diamond) for uncoated (solid line) and inulin coated (open symbols, dashed lines) ZnO (*a*) and nα-Fe~2~O~3~\@ZnO (*b*). At pH 7, inulin coating increases stability of both nanoparticles. At lower pHs, inulin coating of nZnO increases dissolution, while for nα-Fe~2~O~3~\@ZnO there are no significant changes.

As inulin coated nanoparticles are more stable in the media than uncoated ones, they are also more bioavailable, which can lead to increased endocytosis \[[@RSOS170480C43]\], and can become more prone to recognition of the nanoparticle surface and preferential phagocytosis by the haemocytes over other particles present in the media \[[@RSOS170480C18]\]. Once inside the haemocytes, inulin coated nanoparticles would dissolve much faster in lysosomes where the lower pH might accelerate Zn(II) released from the inorganic nanoparticles. In summary, this behaviour suggests that nZnO inulin, after internalization in the haemocytes, are able to release more zinc ions than the uncoated materials. The faster dissolution rate for the inulin coated samples, compared with the uncoated samples, makes Zn(II) ions more available for the cells, which may be useful for different applications like food fortification, or reduce toxicity of nanomaterials.

4.. Conclusion {#s4}
==============

A convenient, easy to use and reproducible biological model for the evaluation of biological impact of nanomaterials was used to analyse the cellular responses and toxicity of a set of inulin coated and uncoated inorganic nanoparticles (nZnO and nα-Fe~2~O~3~\@ZnO). Using a novel approach, multiple important cell toxicity parameters (cell death, cell viability, mitochondrial membrane integrity, reactive oxygen species generation, lysosome abundance and metal uptake) were simultaneously evaluated.

Zinc uptake in cells was significantly increased by nanoparticle exposure while having no significant effects on the cellular toxicity endpoints analysed. Inulin coated nanoparticles further increased zinc uptake. These results suggest that inulin coated nZnO and nα-Fe~2~O~3~\@ZnO may be good candidates for nutritional uses, such as the preparation of fortified foods. Further work aimed to evaluate the uptake of different metal ions using inulin as a coating material is currently being done.
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[^1]: Electronic supplementary material is available online at <https://dx.doi.org/10.6084/m9.figshare.c.3868198>.

[^2]: ^a^From energy dispersive spectroscopy (EDS) data (average of several area determinations) analysis.

[^3]: ^b^From a dispersion containing a total of 20 ppm of Zn. pH was 7.3.
